PostErs
EMBnet.journal 18.B
The integration of microRNA target data by biclustering techniques opens new roads for signaling networks analysis 
Motivation and Objectives
MicroRNAs (miRNAs) are key modulators of gene expression. In addition to their recognised role in embryonic and adult cell proliferation and differentiation (Ren et al., 2009 ), many recent studies on diverse types of human cancer have demonstrated that miRNAs are functionally integrated into those oncogenic pathways that are central to tumorogenesis (Olive et al., 2010) . Although microarray profiling and next generation sequencing technologies have allowed researchers to discover much of their structural and functional features as well as many new miRNAs, the current challenge is to understand their specific biological functions and mechanisms through which they are able to ensure cell homeostasis and to control developmental timing and cancer progression. This is not a trivial task because the post-transcriptional regulation of gene expression mediated by miRNAs is rarely resolved by a simple one-to-one interaction between a miRNA and a target gene. It is much more complex, often involving multiple binding of the same miRNA and/or of different miRNAs in a cooperative manner. The combinatorial effects of different miRNAs on the same gene, or on different genes of the same pathway, is an essential part of the mechanism through which they are able to fine-tune signaling pathways (Inui et al., 2010) . Indeed, the effect of a miRNA may change depending on which other miRNAs are co-expressed or silenced, which in turn depends on the specific context in which the cell, the tissue or the organism is considered. This makes the interpretation of miRNAs expression profile really difficult and a mere analysis of the list of differentially expressed genes cannot provide enough information to elucidate the multiplicity of potential miRNA:mRNA interactions. In this context, the exploitation of data mining techniques, and in particular of biclustering algorithms, is considered as a useful approach to search the correlations among miRNAs and mRNAs. However, as each miRNA may target hundreds of genes, the selection of the most significant results for further experimental validations still remains a challenging task for many biologists.
The proposed method, which is implemented in the system HOCCLUS2, has been designed to analyse data of miRNA:mRNA interactions (derived from expression arrays or from large sets of predictions) in order to detect significant co-regulatory partnerships. In particular, the aim is to provide the biologists with a tool which can support them in two challenging tasks, that is, the detection of actual miRNAs target genes and the identification of the context-specific co-associations of different miRNAs. A further contribution to the considered research consists in the ranking of the extracted biclusters on the basis of the semantic similarity between the target genes, which allows the biologists to easily select the most significant results, from a biological view point. Availability: http://www.di.uniba.it/~ceci/micFiles/ systems/HOCCLUS2/index.html Methods HOCCLUS2 exploits and integrates multiple resources. In particular: i) a novel biclustering algorithm specifically designed for the task in hand; ii) existing SVM-based classification algorithms; iii) large sets of validated or predicted miRNA:mRNA interactions; iv) gene classification ontologies (i.e. Gene Ontology) (Ashburner et al., 2000) .
The analysis of miRNA:mRNA interactions consists of three steps: 1. the extraction of a set of non-hierarchically organised biclusters in form of bicliques; 2. an iterative process in which, at each iteration, two operations are performed: i) overlap identification, in which miRNAs or mRNAs belonging to a bicluster can be added to another bicluster, by exploiting an SVM-based classification algorithm; ii) merging, in which biclusters are merged when some (distanceand density-based) heuristic criteria are satisfied. Merging implicitly defines a hierarchy of clusters;
3. a ranking of the extracted biclusters. Ranking is performed on the basis of the p-values obtained by the Student's T-Test through which we compare the intra-and inter-functional similarity of miRNA targets. The similarities between miRNA targets (belonging to the same and to different biclusters, respectively) are pairwise computed according to a semantic similarity measure which takes into account the gene classification provided in GO.
Results and Discussion
In order to identify miRNA:mRNA meaningful interactions, HOCCLUS2 has been specifically designed to identify biclusters which are:
• possibly overlapping, since mRNAs and miRNAs can be involved in multiple regulatory networks. Ignoring this aspect would lead to the identification of incomplete interaction networks; • hierarchically organised. A hierarchical arrangement facilitates the biological interpretation of results, even when a high number of biclusters is extracted from large datasets of miRNA:mRNA interactions. More importantly, this allows us to exploit the intrinsic hierarchical organisation of miRNAs, where it is possible to distinguish among miRNAs involved in many signaling pathways (universe miRNAs) and pathway-specific miRNAs (intra-pathway miRNAs) (Shirdel et al., 2011); • highly cohesive. This means that miRNAs and mRNAs in the same bicluster should be highly related and show (only) reliable interactions. The results reported in this paper are referred to the application of HOCCLUS2 on miRTarBase (Hsu et al., 2011) and mirDIP (Shirdel et al., 2011) selected datasets.
By comparing the results of HOCCLUS2 with those of other biclustering algorithms we have verified that HOCCLUS2 performs significantly better in terms of biclusters cohesiveness, interpretability of the results (thanks to the hierarchical organisation) and biological significance of the extracted biclusters (according to the statistical test on GO).
We have found confirmation of multiple miRNAs co-associations in experimental results reported in the current literature for many of the most significant biclusters produced by HOCCLUS2. Moreover, mRNAs in these biclusters are significantly enriched in the same or related pathways (Reactome mapping and over-representation statistical analysis) (Haw et al., 2011) . Much importantly, we have also identified potential miRNAs combinatorial associations (likely context-specific) and specific miRNA targets (potential new target genes) not yet reported in the literature and that well correlate with existing functional hypothesis. These results suggest that the proposed method is appropriate to easily identify meaningful biological correlations otherwise impossible to discover because of the huge amount of data to deal with. Indeed, the amount of data produced by experimental approaches, if from one hand provides an invaluable resource, on the other hand requires complex and exhausting procedures for their analysis. Searching for the target genes of a miRNA in miRTarBase or in miRDip, or in any other similar database, returns thousands of potential targets and to correlate these results to those of other co-expressed miRNAs is a very complex task. Such a type of analysis may greatly benefit by the application of HOCCLUS2 because of its ability to extract and rank biologically significant interaction networks. Furthermore, the possibility to dissect functional components (miRNAs and target genes) of biclusters at higher level of the hierarchy in smaller co-regulative units (biclusters at lower levels of the hierarchy), provides the key for the interpretation of multiple and diverse coassociations of specific miRNAs which could be responsible for their context-dependent activity. These data are almost impossible to obtain by other biclustering algorithms (Caldas and The HOCCLUS2 software, the user manual, all the datasets and detailed results are available from the HOCCLUS2 web site. HOCCLUS2 is currently available as a stand-alone software. The results are available in textual format and can be used for searching significant miRNA co-associations in biclusters as well as specific miRNAs gene targeting. A web-based tool for the analysis of a given set of miRNAs (or mRNAs) which renders biclusters obtained by HOCCLUS2 is under development. A further improvement envisages the integration of gene related pathways information from Reactome.
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